The Minnesota code was developed [1] in the early 1960's as a standardised, semiquantitative approach to the classification of electrocardiographic abnormalities for cross-sectional epidemiological studies of the prevalence of cardiovascular disease [3] . The method, slightly modified in 1968 [4], also lends itself to prospective studies in which specified codable ECG abnormalities at baseline are related to the later morbidity or mortality experience of the population studied. It was used in the WHO Multinational Study of Vascular Disease in Diabetes (WHO MSVDD) at baseline and follow-up examinations, in part to assess cardiovascular morbidity.
value is approached the risk of misclassification, though small, must increase. Deviant values are needed only in specified ECG leads to be codable and certain codes suppress others. Some of the factors contributing to the risk of error have been identified [4] and even the most careful and experienced Minnesota coder will make occasional errors, especially when tired.
Coding differences between serial electrocardiograms arise from several sources. In addition to observer variation, code changes often indicate the appearance, evolution or resolution of cardiac pathology. Differences might arise from variation in positioning of the electrodes, from changes in the position of the heart and from alterations in the metabolic milieu of the myocardium. The initial and follow-up examinations of the London cohort of the WHO MSVDD included the recording of standard resting 12-lead ECGs on both occasions and provided the opportunity to measure and analyse some of these sources of variation and to evaluate their influence on estimates of cardiovascular disease progression.
Material and methods
The 497 strong London cohort of the WHO MSVDD [5] were all submitted at baseline to a resting 12-lead ECG examination. This was repeated in 352 of the survivors at follow-up after an average interval of 8.3 years (range 6.0 to 10.1 years) [6] . All of the ECG records were read independently and within a few weeks of their acquisition by the same two trained and highly experienced Minnesota coders (N. Keen, C. Rose) who coded for the whole study. On the few occasions when their coding differed in a given record, it was adjudicated by a qualified third observer.
For this analysis (as for the WHO MSVDD) the detailed (9-column) Minnesota coding (see glossary) for each record was then assigned a summary code using the Whitehall Criteria [7] , indicating the relative likelihood of coronary heart disease (CHD). Minnesota codes 1±1, 1±2 and 7±1 (major and medium Q or QS waves as defined and complete left bundle branch block) were assigned to summary code 3 (CHD probable). Minnesota codes 1±3 (minor Q/QS waves), or any of 4±1, 4±2, 4±3 if accompanied by 5±1, 5±2 or 5±3 (ST segment abnormalities accompanied by abnormal T waves) were assigned to summary code 2 (CHD possible). All other Minnesota codes and normal records (1±0) were assigned to summary code 1 (CHD unlikely).
Of the 352 patients with ECG records at baseline and follow-up, a constructed sample of 118 baseline/follow-up paired records was selected for the present re-reading analysis. This sample comprised all but one of the 55 records coded as showing possible or probable CHD at baseline, summary code 2 (43 records) and code 3 (12 records) and a sample of 64 of the 297 with summary code 1 (CHD unlikely) at baseline made up of similar numbers with follow-up summary codes 1 (19 records), 2 (21 records) and 3 (24 records) ( Table 1) .
Three to six months after the recording and standard initial coding of follow-up ECGs, all of the 118 paired sample records were re-read and recoded independently at a single sitting by the same two observers. This recoding operation, was carried out in ignorance of the initial results and the records were assigned a new, random serial number and re-read in random order. The baseline records were re-read 8 to 10 years after their standard initial coding and the follow-up records between 3 and 12 months after their initial coding.
Results
The full cohort: change between baseline and followup ECG summary codes. Table 2 cross tabulates baseline summary codes against follow-up summary codes for the whole cohort of 352 paired records. Of 297 with baseline summary code 1, 41 (13.8 %) worsened to summary code 2, and 26 (8.8 %) to summary code 3 with 230 (77.4 %) remaining unchanged. Of 43 records with summary code 2 at baseline, 9 (20.9 %) worsened to summary code 3, 9 did not change but 25 (58.1 %) improved to summary code 1. Of the 12 records which were summary code 3 at baseline, 6 had follow-up ECGs assigned to summary code 1 and 3 to summary code 2 with only 3 remaining in the same category. In all, at follow-up there were 76 (21.6 %) with worsened summary code ratings, 34 (9.7 %) with improved ratings and 242 (68.7 %) with no change.
The constructed sample: change between baseline and follow-up ECG summary codes. In a similar crosstabulation of changes between baseline and followup in the constructed sample (Table 3) , of the 64 with baseline summary code 1, 21 worsened to code 2, and 24 to code 3. As stated above, of the 42 with summary code 2 at baseline, 8 had deteriorated to code 3, and 25 improved to code 1. Of the 12 assigned to summary code 3 at baseline, 3 improved to code 2, and 6 to code 1 at follow-up.
Re-reading of ECG records: baseline ECGs ± initial and re-read summary codes. Table 4 cross-tabulates the summary codes from the initial baseline ECG reading against the re-reading codes of the same records 10 to 11 years later. Re-reading generated 21 reassignments of summary code. Of the 64 with summary code 1, 62 did not change, 1 was reassigned to code 2 and the other to code 3. Of the 42 with summary code 2, 15 (35.7 %) were reassigned to code 1 and none to code 3. Of the 12 with initial summary code 3, 8 did not change on re-reading but 4 were reas- Changes between initial and re-read follow-up summary codes. A similar cross-tabulation of initial versus re-read (within a few months) summary codes of the follow-up ECG records is shown in Table 5 . This shows much less reassignment overall, with 3 deteriorations' (2 from summary code 1 to 2 and 1 from summary code 1 to 3) and 5`improvements' (2 from summary code 2 to 1, 2 from summary code 3 to 1 and 1 from summary code 3 to 2).
In detail, 2 of the`deteriorations' were based on the acquisition of a 5.2 and a 5.3 code and the third of a 1.2.8 code. Of the 5`improvements', 3 resulted from loss of a 1.1.2, a 1.2.4 and a 1.3.2, one from the reassignment of a 7.1 to 7.2 but only 1 from loss of a 5.3.
Estimates of net worsening in constructed sample. Based upon the initial readings, 54 of the 118 baseline ECGs (45.8 %) and 68 of the 118 follow-up ECGs (57.6 %) were summary coded as abnormal (codes 2 or 3), a net deterioration of 11.8 %. Based upon the re-readings of the same ECGs, 37 of the baseline records (31.4 %) and 67 of the follow-up records (56.8 %) were summary coded as abnormal, an estimated net deterioration of 25.4 %. The great majority of this difference is due to reassignment of code 2 to code 1 in the baseline re-reading, a change not seen in the follow-up re-reading. Individual record consistency. Each of the paired records (baseline and follow-up) in the constructed sample had two (standard initial and re-read) readings. When the codings assigned to the two readings at baseline agreed with each other and the two readings at follow-up also agreed, the paired record was classed as`consistent'. When there were coding disagreements within either or both pairs, the paired record was classed as`inconsistent'. Table 6 shows the detailed consistency for each of the categories,`improvement',`deterioration' and`no change' reported from the standard initial study codings of the baseline/follow-up pairs of the sample. Applying this consistency grading, 17 of the 34 paired records (50 %) showing improvement over the follow up period (Table 3) were`inconsistent'. In contrast, only 13 % of the 53 paired records showing deterioration and 16 % of the 31 paired records showing no change were`inconsistent'. Thus a substantially higher proportion of the improvements over deteriorations probably resulted from observer variation and as a consequence, the true net deterioration over the follow-up period is likely to have been underestimated.
Discussion
In this study, 352 paired ECG records from the same diabetic patients taken 8 to 10 years apart were submitted to the independent double reading for Minnesota coding as part of the routine survey procedure. A subsample of 118 of these pairs was constructed and they were re-read by the same experienced coders 6 to 12 months after the follow-up records had been reported. The detailed Minnesota codes assigned to each tracing were grouped according to the Whitehall criteria, as indicated in the Methods section, into CHD probable (summary code 3, mainly Q wave items), CHD possible (summary code 2, mainly ST/T wave items) and CHD not likely (summary code 1, all other Minnesota codes and normal records). This analysis deals mainly with changes in these summary codes used as indicators of progression or regression of coronary heart disease. When appropriate the summary codes were translated back to their primary Minnesota code components. Based upon the routine survey codings of the 352 paired records, 76 (21.6 %) showed deterioration over the follow-up period whereas 34 (9.7 %) showed improvement, a net deterioration of 11.9 %, comparable with the simple difference of 10.3 % between the 63 abnormal records at baseline (15.6 %) and the 81 (25.9 %) at follow-up. In the constructed sample of 118 paired records, use of the same routine survey readings showed deterioration in 53 (44.9 %) and improvement in 36 (30.5 %), a net deterioration of 14.4 %. The simple difference between the 54 records abnormal at baseline (45.8 %) and the 68 (57.6 %) at follow up was 11.8 %.
The results of the re-reading analysis should be considered when these estimates of ECG deterioration in the full cohort and in the constructed sample are interpreted. When the baseline ECGs were reread 10 to 11 years later, the proportion coded abnormal dropped from 45.8 % to 31.3 %, mostly from the reassignment at re-reading of 19 records from summary codes 2 and 3 to summary code 1 (Table 4) . When the follow-up ECGs were re-read 6 to 12 months later, only 3 of the records (2.5 %) were as-H. Keen et al.: Serial ECG changes in diabetes S 75 Table 6 . Individual record summary code consistency
Under the`Change' and`No change' headings (1, 2, 3 above) the first figure denotes the standard initial baseline summary code and the second figure, following the arrow, the standard initial follow-up summary code. The designations`Improvement',`Deterioration' and`No Change' refer to behaviour of these summary codes over the follow-up period. The n column details for each category of behaviour, first the total in it, then that total broken down into consistency subcategories. BL and FU head columns in which paired initial and re-read summary codes are shown for the baseline and follow-up ECG records respectively. In the`No change' category, x represents all cases where summary codes within pairs were identical.
signed to a worsened summary code and 5 (4.2 %) to an improved one. Based on the re-reading, a consequence of reduction in the baseline abnormality rate is a reciprocal increase in the estimated deterioration when it is set against the follow-up abnormality rate. This would increase the simple deterioration rate between baseline and follow-up from about 11 % to about 25 %. Similar conclusions can be drawn from the consistency grading applied to these observations. A much higher proportion of improvements than deteriorations between baseline and follow-up were inconsistent and the consistent paired records are more likely to be valid than the inconsistent ones.
The consistency analysis further suggests that about half of the apparent ECG improvement over the follow-up period is real. Some of this improvement could represent true biological changes in the ischaemic myocardium over time. Genuine disappearance of major Q waves and ST/T changes are seen clinically and have been documented in defined population groups [8, 9, 10, 11] . However, some change in tracings could arise from variations in placement of electrodes or in position of the heart [12, 13] and, particularly in a diabetic population, some repolarisation signals could vary with changes in metabolic status.
Coding drift and recommendations. Most of the observer variation in this study arose from records with Minnesota code items with minimal abnormalities such as minor ST segment changes or flat or diphasic T waves (5.3) [8] where coding the record as positive would assign it to summary code 2 and as negative to summary code 1. Summary code change would also arise when distinguishing a minimal Q/QS wave (1.3) from a normal record (summary code 2 or 1 respectively) or from a greater than minimal Q/QS (1.2) which would qualify for a summary code 3. Whether there was a small upward deflection (R wave) immediately preceding a suspected downward Q/QS deflection could determine whether the record is assigned to summary code 3 or 1.
Such`limit level' judgements are inescapable and expected to contribute randomly to the variability of record coding. The high re-reading consistency of the follow-up record shows the limited extent of this variability. However, the systematic difference in the treatment of these limit level decisions between the baseline and the follow-up records suggests some subconscious`policy' change over the ten to twelve years in question by both of the independent coders. Such operational drift could be detected only if coders were regularly to reread standard sets of ECGs selected to monitor performance in the areas of difficulty defined in this and other studies. It is also advisable for independent testing of pairs of coders to detect unconscious`collusion' in coding drift. Computerisation of Minnesota coding has long been elusive and despite recent findings [14] , its role as an alternative to the human reader in longitudinal studies has yet to be validated.
In conclusion, survivors of the London Cohort of the WHO Multinational Study of Vascular Disease in Diabetes showed clear evidence of electrocardiographic deterioration over an 8.3 year time period. A planned ECG re-reading study suggests, however, that independently of the small degree of short-term observer variation, unconscious coding drift over a decade had led to some overestimation of ECG improvements and the net deterioration which had occurred was underestimated. Some variation, even in the relatively standardised Minnesota coding procedure, is inescapable and it is most likely to occur at specifiable limit levels.
Glossary
1±1±2 Q duration ³ 0.04 s in leads 1,2,V1-V6. 1±2±3 Q duration ³ 0.03 s and < 0.04 s in leads 1,2,V2-V6 1±2±4 Q duration ³ 0.04 s and < 0.05 s in lead III, plus a Q wave ³ 1.0 mm amplitude in the majority of beats in lead AVF 1±2±8 Initial R amplitude decreasing to 2 mm or less in every beat (and absence of codes 3±2,7±1±1,7±2±1 or 7±3) between any of leads V2 and V3, V3 and V4, V4 and V5, V5 and V6. All beats immediately to the right on the chest must have an initial R ³ 2 mm.) 1±3±2 QS pattern in lead V1 and V2 (not in presence of 3±1 or 7±1±1) 1±3±3 Q duration ³ 0.03 s and < 0.04 s plus R amplitude ³ 3 mm in lead aVL 5±2 T amplitude negative or diphasic (positive-negative or negative-positive type) with negative phase at least 1 mm but not as deep as 5 mm in lead I or V6 or aVL when R amplitude is ³ 5 mm, or in lead I or aVF when QRS is mainly upright, or in any of leads V2, V3, V4 or V5 5±3 T amplitude zero (flat) or negative or diphasic (negative-positive type only) with less than 1 mm negative phase in lead I or V6 or in lead aVL when R amplitude is ³ 5 mm or in lead II (not coded in lead aVF) or in any of leads V3, V4 or V5 7±1 Complete left bundle branch block 7±2 Complete right bundle branch block
